ABSTRACT
InTRoduCTIon
Isthmic spondylolisthesis (IS) is one of the most common causes of low back pain and sciatica in adolescents and adults. IS has an effect on nearly 6% of the general population, and it leads to significant morbidity and loss of labor. L5-S1 and L4-L5 levels are the most frequently involved segments, respectively (18).
Surgical treatment is indicated in case of failure to relieve persistent back and/or radicular pain after 6 months of conservative treatment, progressive neurological deficit or neurogenic claudication, symptomatic grade III or IV slip, spondyloptosis, and progressive deformity (10, 17).
The ideal surgical treatment for isthmic spondylolisthesis is still controversial. Although a number of autograft and allograft materials are used in addition to various types of cage systems, the optimal fusion material for this purpose is still unclear. On the other hand, there seems to be no consensus either on the application of reduction or on the determination of fusion level. There are on-going studies that aim to find an ideal surgical approach to achieve perfect radiological and clinical results.
mATeRIAl and meThodS
We retrospectively reviewed data from 42 selected patients, who had been surgically treated for adult isthmic spondylolisthesis between May 2007 and November 2011. The inclusion criterion required that the patient have single-level IS without degenerative disease in the adjacent level. The exclusion criteria were multilevel IS, other spinal deformity and previous lumbar spine surgery. There were 14 males and 28 females, aged between 20 and 66 (mean age was 49) at the time of the surgery. The spondylolisthesis levels were diagnosed at L3-L4 in 2 cases; L4-L5 in 10 cases; and L5-S1 in 30 cases (Table I ). All patients considered for surgical treatment had persistent back and/or leg pain, lower extremity pain, progressive neurological deficits or neurological intermittent claudication, which were refractory to conservative treatment for not less than 6 months.
Before surgery, all patients were examined by standing plain radiograph including, anteroposterior, lateral and both oblique X-Rays computed tomography scanning (CT). Lateral flexion and extension X-Rays were taken to see if there was any instability, and MRI was obtained to see if there were any degenerative changes at the intervertebral disc ( Figures  1, 2A-C) . The preoperative data were collected regarding Meyerding grade, slip angle.
The quality of bone fusions at the intervertebral spaces were evaluated by anteroposterior and lateral images and a special scale developed for fusion assessment. According to this scale, no sign of fusion was rated as 1, bone formation in the anterior and posterior portions of the vertebral corpora and presence of hyperdense areas over the sites where bone graft or contacts with the superior and inferior end-plates was rated as 2, whereas patients who demonstrated a disc space completely filled with bone formation in a solid fashion were rated as 3. was sequentially inserted into the disc space ( Figure 5) . The screws were then connected with a rod, and reduction was performed for the slipped vertebra ( Figure 5 ). The involved segment was distracted. Guided by fluoroscopy, the system was tightened until the spondylolisthesis was completely reduced. Both rods were mounted under slight compression. At this stage, a radiograph confirmed near anatomic reduction of the spondylolisthetic segment and restoration of normal lordosis ( Figure 5 ). Next, the canal and foramen were examined.
ReSulTS
The procedure was completed successfully in all patients. None of the patients had permanent neurologic deficit or pseudarthrosis at the time of last follow-up. PLIF and anatomical reduction were achieved in all patients ( Figure 1 , 2A-C). The mean operating time was 240 minutes (range, 210 min. to 360 min.), and the mean blood loss was 1600 cc (range, 700 to 4200 cc). We started ambulation after the second day of bed rest. The patients wore thoraco-lumbar-sacral orthosis for at least 3 months. The follow up period was more than 2 years. The average clinical and radiologic follow-up interval was 42 months (range, 24 to 78 months).
Preoperative lumbar lordosis was measured a minimum 60 degrees and maximum 77 degrees (mean 69.2 degrees), while postoperative minimum lumbar lordosis was found to be a minimum of 40 degrees and the maximum was 62 degrees (mean 50.6 degrees). The normal range is 60 +/-15 degrees.
Each patient had a standing lateral radiograph before the surgery and following the surgery, including the spine from the T10 vertebra to the sacrum and the femoral heads. The spino-pelvic parameters were measured as follows:
Pelvic incidence (PI): The angle between the vertical line drawn from the sacral upper end plate and the bi-coxo-femoral line.
Sacral slope (SS):
The angle between the upper end plate of S1 and the horizontal line.
Lumbar lodorsis (LL):
The angle between the upper end plate of T12 to the upper end plate of S1 in the sagittal plane. (Figure 3 ).
Surgical Technique
Posterior lumbar interbody fusion (PLIF), instrumentation and nerve root decompression were performed on all patients. The fusion and instrumentation were limited to the listhetic segment. The surgical technique was the one described by Cloward. In all patients, after a standard posterior midline incision was made for the exposure of the involved vertebra, the pseudarthrosis of pars articularis was identified, and the patients underwent complete removal of the total spinolaminar process and fibrocartilaginous tissue ( Figure  4 ). Ligamentum flavum was resected bilaterally, and the nerve root was decompressed far distally and laterally. Two pedicular screws were placed on both sides of the slipped vertebra and upper vertebra ( Figure 5 ). Complete discectomy and endplate decortication were performed, and a previously prepared proper size spinolaminar autologous bone graft 
Radiological Outcomes
Radiologic evidence of successful arthrodesis was noted in all patients (100%) for the PLIF (Figure 1 , 2A-C). It was radiographically considered that the spines of all patients were fused by the 6 th -month postoperative visit, given the evidence indicating visible incorporation of the spinolaminar autologous bone graft, maintenance of the reduction, and the absence of instrumentation-related adverse events.
Preoperative sacral slope was minimum 17, maximum 58 degrees (mean 43 degrees), while postoperative minimum sacral slope was minimum 32 degrees and maximum was 57 degrees (mean 42 degrees). Sacral slope range was 39.6 +/-7.9 degrees.
Preoperative and postoperative pelvic incidence was minimum 42, maximum 79 degrees (mean 66.4 degrees). Normal range is 52.6 +/-10.4 degrees. Two complications were seen in this series. A single dural tear occurred intraoperatively, and it was repaired primarily. One patient developed postoperative pulmonary embolism, which required antiaggregant treatment. This condition was resolved by postoperative day 15 without further consequences.
At the last follow-up, all patients were observed to have returned to their normal daily activities. There was no radiographic evidence indicating progression at the grade or angle of the slippage. Furthermore, patients included in this series did not require additional surgical intervention at more proximal levels or report new symptoms that were referable to these levels at the time of final follow-up.
dISCuSSIon
IS is a rather frequent disorder leading to back pain, and several surgical approaches have been defined for its treatment.
The operating surgeons used anterior-posterior, lateral flexion-extension films, and thin-slice multiplanar computed tomography scans to evaluate the integrity of the fusion mass (Figure 1, 2A-C) . Criteria for the successful fusion included lack of motion, anterior bridging bone and lack of lucencies on flexion/extension X-rays and/or contiguous bone through the bone using a thin-cut sagittal CT scan, and no loosening or breakage of implants. All patients in this study were followed for minimum 2 years (median follow-up duration was 42 months). Mean bone fusion score was 0 at 1 month, 1.35±0.2 at 6 months, and 2.17±0.3 at 12 months and 2.87±0.2 at 24 months.
Clinical and Functional Outcomes
Patients, who had radiculopathy and/ or neurogenic claudication, obtained improvement immediately after the surgery. All patients with motor weakness recovered to normal function at the 3-month follow-up visit. Each patient's final clinical status was rated according to Oswestry Disability Index (ODI), and Visual Analog Scale (VAS) pain score was used to measure patient outcomes (Table II) . At the final follow-up, the treatment group showed significant improvement in all categories. There was considerable improvement in the back pain, and the mean visual analog score improved from pre- 
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The theoretical advantages of slip reduction include improved spine biomechanics, better nerve root decompression and better opportunity to obtain fusion, because it provides an increased surface area of the fusion bed, and the fusion is no longer under the influence of tension and anterior shear forces (24) . Slip reduction also ensures the correction of sagittal deformity for improving posture and self-image.
Realigning the spine and achieving sagittal spine balance may be important for the long term outcomes by preventing premature adjacent level disc degeneration (1, 9, 12, 19, 29) .
In this study, reduction was applied to all patients, and it was shown radiologically in the early and late postoperative period. We consider that successful reduction significantly influences the satisfactory clinical outcomes along with the fusion and neural decompression. Like us, Jie Pan et al. observed successful fusion in all of their patients, who underwent IS operation accompanied by reduction (24) . Fusion surface increment by reduction and lumbar sagittal alignment may play an important role in achieving higher fusion rates.
One main goal of IS surgery is to obtain long-term spinal stability by fusion. The fusion success depends on the surgical approach and fusion material. Many fusion materials have been used for this purpose, but the ideal material is not clear yet. To provide fusion, various types of cages are widely used, such as intersomatic spacer, carbon cages and titanium cages (25, 30, 31) . A relatively high incidence of cage-related complications including posterior migration, infection, dural tear, non-union, and nerve injury are reported in PLIF operations (4, 8, 23, 31, 32) . High fusion rates have been reported for autografts. 100% fusion rates are reported in some studies, which used cages combined with iliac wing and/or spinous process autografts (11, 22, 30) . It is shown that the PLIF using autogenous bone grafting and cage fusion with pedicle screw fixation is more useful in adult spondylolisthesis for improving the fusion rate and preventing long-term instabilities, compared to the simple cage alone fusion with pedicle screw fixation (6) . However iliac wing autografts cause pain and require additional incision. These studies confirm that autogenous grafts have significant positive effects on high fusion rates, while supporting our surgical technique.
In our series we used the spinolaminar process autograft as the fusion material, and this method has not been studied yet. In this method, the fusion material does not require removal in case of infection, does not increase costs, and it is not a foreign body. Besides, it achieves high fusion rates and contributes to the satisfactory clinical and radiological results.
In isthmic spondylolisthesis, pelvic incidence and sacral slope values are high (14, 16). Sacral end plate is more tilted, and lordosis increases. Body balance shifts forward. The angle of kyphosis decreases to ensure sagittal balance. The degree of pelvic incidence gains prognostic importance as the lysthesis progresses (14, 16). PI of the spondylolisthesis patients was significantly higher. This phenomenon was coincident with other studies.
Symptomatic isthmic spondylolisthesis usually requires surgical intervention, and the latest controversial focus is on the method and degree of reduction. Besides, the ideal fusion material and its level are still unclear. Thus, it is difficult to define the ideal surgical strategy for IS in adults based on the data published. In this paper we report satisfactory clinical and radiological results of an adult IS series treated with reduction and spinolaminar autograft in PLIF.
Lumbar IS surgery has the primary goal of neurological decompression and stability reconstruction, which includes reconstitution of the disc space height and the restoration of translational and rotational alignment in sagittal plane. The perfect technique to obtain the abovementioned goals without complication has not been discovered so far.
Fusion is another significant aspect of the surgical treatment for IS. The aim of fusion is to relieve pain by reducing the motion of the segment. Many authors have developed a number of surgical techniques to gain stability by fusion of the spondylolisthetic deformity. These include posterolateral intertransverse process fusion, ALIF, PLIF, TLIF or ELIF, transsacral cage fusion, presacral lumbar interbody fusion and combined anterior and posterior fusion (2, 3, 10, 11, 13, 26, 27, 28) .
A lot has been written about the theoretical advantages of each approach. However, no optimal and precise approach has been established to date.
Lumbar and lumbosacral fusion using the pedicle screw system and interbody fusion (IBF) technique is a popular surgical procedure, with satisfactory clinical outcomes and high union rates (7, 21, 30, 33) . Since the PLF technique is insufficient for obtaining spinal stability, a number of IBF techniques are developed such as spinous process or iliac wing autografts, allografts, cage, or their combination (10, 11, 20, 21, 34).
The most common IBF technique is the PLIF. PLIF has been used for the treatment of spinal disorders requiring lumbar arthrodesis (5) . The interbody fusion immediately produces a biomechanically stable postoperative spine. Thus, it enhances the opportunity for arthrodesis.
PLIF supports the anterior column for adequate correction and fusion. PLIF also attempts to re-establish segmental sagittal alignment through the use of an interbody fusion mass and/or cage to increase focal lordosis, yet manages to avoid the abdominal approach by conducting the surgery through a posterior approach. Other purported advantages of the PLIF technique include "360-degree" fusion, and relief of "up/down" nerve root compression within the foramen at the level of the pars defect (7) Reduction is another issue about IS surgery, which is yet to be clarified. The role of sagittal alignment and the related possible benefits of reduction (and therefore also instrumentation) of the listhesis have not been adequately studied. Many authors advocated for it, due to the potential benefits of reduction (9, 26, 30). Complication rates of different surgical techniques vary among studies. In a study comparing reduction to fusion in situ with PLIF, the total complication rate was 10.2%, and it was similar in two groups (21) In another paper, the complication rates of patients operated with PLF were reported as 15%, and as 5.4% in patients that underwent PLF plus PLIF operation (30) . The complication rate for our case series operated with our technique was found to be 4.8%.
ConCluSIon
We hereby describe a novel modified PLIF method using spinolaminar process as a tricortical autogenous graft in the surgical treatment of IS. It has some advantages such as not increasing the cost for fusion material, not requiring the removal of fusion material in case of infection, high fusion rates, not containing any foreign body, high resistance against collapse thanks to the tricortical layers, provision of circumflexial fusion, possibility for single level application and not requiring adjacent segment stabilization as well as satisfactory radiological and clinical short-and long-term results. Thus, it is appropriate for use in all kinds of IS.
